Abstract: This paper examines the influence of ultrasonic consolidation (UC) on the bonding interface and challenges existing opinion regarding the mechanism of oxide dispersal during UC bond formation. The findings presented in this paper were achieved through the use of dual beam focused ion beam (DBFIB) etching and transmission electron microscopy (TEM), enabling the close examination of the weld interface, sub-grain morphology, and dislocation structure in ultrasonically consolidated aluminium (Al) 3003-T0 samples.
INTRODUCTION
Ultrasonic consolidation (UC) is a layer manufacturing process for fabricating three-dimensional objects by incrementally adding and consolidating material layers using ultrasonic vibrations and pressure [1] . Components are built up by ultrasonically welding thin material layers to previously deposited substrate material, forming a solid part and then shaping that part by removing excess material using computer numerically controlled (CNC) milling. The process is commercially available as the Formation TM machine from Solidica Inc., in the United States.
The main principles of the UC process are similar to those of ultrasonic welding and it has the ability to process a wide variety of metals including aluminium, titanium, magnesium, copper, and steel [2] in the form of thin foils.
The rotating sonotrode oscillates, at ultrasonic frequencies, perpendicular to weld direction and applies a normal force, referred to as the contact pressure, onto the strip of metal foil due to be processed. The movement of the sonotrode generates a scrubbing action between the metal foil and solid base material initiating the weld, which progresses as the sonotrode traverses along the work-piece. Multiple parallel traverses are repeated for each layer to fully consolidate *Corresponding author: Loughborough University, Loughborough, Leicestershire LE11 3TU, UK.
email: h.c.edmonds@lboro.ac.uk the two dimensional shape. The weld speed, amplitude of oscillation, and applied contact pressure can all be altered to optimise the UC process for a given material.
As an alternative to laser fusion freeform techniques, UC has emerged as a 'direct' method for fabricating metal components and tooling, with potentially lower costs and shorter lead times for production [2] . Similarly to ultrasonic welding, UC requires less thermal energy than other liquid-phase direct fabrication techniques and, as a result, there are less residual stresses and thermal distortion in the resulting components [3, 4] . With the advantages of both additive and subtractive processes, UC has the capability to produce parts with high dimensional accuracy and surface finish and complex internal structures [4] .
UC has been used in the manufacture of prototype and production components. Specialised applications include: embedding sensors, optical fibres, or shape memory alloys in solid parts to make smart structures, thermal management devices with complex internal geometry, and combining dissimilar metals to make low cost, lightweight laminate metal materials, and graded composition components. UC therefore has applications in a number of areas, including the electronics, automotive, aerospace, and defence industries [4] .
The exact mechanism of bond formation in UC is still under investigation. General consensus [3] [4] [5] suggests that the oscillation of the sonotrode produces friction at the interface between the mating foils that causes the surface oxide film to fracture and become displaced into the local bulk material. The resulting intimate contact of these atomically clean metallic surfaces concludes the UC bonding process (Fig. 1 ). This formation process is also the accepted bonding mechanism in ultrasonic spot welding [6] .
Contrary to this opinion, other work by Kong et al. [2] using scanning electron microscopy (SEM) to examine the UC weld interface, indicated that some surface oxides appeared to persist around the bond interface. Chemical analysis of ultrasonically welded aluminium by Domack and Baughman [7] identified higher concentrations of carbon and oxygen within 1 mm of the weld interface. As a result of the current ambiguity over the nature of oxide dispersal, this paper intends to clarify how the surface oxides of consolidated foils are distributed within the weld interface.
Domack and Baughman [7] also proposed the existence of a 1 mm reaction zone around the UC bond interface where the microstructure is modified, but otherwise that the microstructure of UC foils appeared unchanged. Contrary work [8] presented evidence that this is not the case in ultrasonic welding, and that the effect of the process exerts influence deeper within ultrasonically bonded aluminium. This paper will investigate and quantify the influence of UC throughout the entire deposited layer.
EXPERIMENTAL PROCEDURE
Aluminium (Al) 3003-T0 foils, 2.5 cm wide and 150 mm thick, were ultrasonically consolidated using the Formation machine at Solidica Inc. in Ann Arbor, MI, USA. The initial foil layer was welded onto an Al 3003-H18 base plate, secured on an anvil heated to 149 C, and processed using the parameters defined in Table 1 . These parameters were chosen as they are the current commercial setting used by Solidica Inc. for the Formation machine. Subsequently, two more foils were ultrasonically consolidated onto the initial layer, producing three layer UC laminate samples. Commercially produced Al 3003-T0 that had not been subject to UC was used as a baseline material for comparison. After fabrication, 1 cm 3 sections of the samples were cut and polished in preparation for examination.
To examine the nature of oxide dispersal and identify any change in microstructure of the UC bonded Fig. 1 Schematic illustration of UC process and currently accepted interface mechanisms samples, they were analysed using dual beam focused ion beam (DBFIB) etching and transmission electron microscopy (TEM).
The Nova 600 NanoLab ultra high resolution field emission gun scanning electron microscope/ focussed ion beam (UHR FEG-SEM/FIB) machine (FEI Company, Hillsboro Oregon, USA) was used to produce ion beam induced secondary electron micrograph's (IBISEM's) of the UC samples. Overlapping 16 mm Â 16 mm IBISEM's were collected from a typical location in and around the UC sample second layer with a power level of 50 pA and 90 s image acquisition time.
In order to recognize trends in sub-grain size from the IBISEM's, the average sub-grain size was calculated using the mean linear intercept method (Equation 1) [9] . Circular, as opposed to linear, traverses were used to better isolate and quantify any nano-grain regions. The traverse length was equal to the circumference of the circles that were used. The intercept points were counted as all of the specific points at which a sub-grain boundary crossed the circular traverse
where L ¼ average sub-grain size , P L ¼ total length of the traverses, M ¼ magnification, and P x ¼ sum of the intercept points.
Twenty-five millimetre diameter circles were applied to 8000Â magnification IBISEM's for analysis. Sub-grain size was averaged for the different regions within the consolidated foil (Table 2 and Fig. 2 ), defined by their proximity to the interface and whether or not they were taken directly from a nano-grain colony. The average and standard deviation of all of the samples were calculated.
TEM of the UC weld interface was used to corroborate the sub-grain morphology seen in the IBISEM's as well as identify the presence of dislocations. Previous work [8, 10] analysing ultrasonically welded samples with TEM was limited due to difficulties in the preparation process and issues with accurately locating the weld interface. To adequately examine the nano-structures of the UC weld interface TEM samples were prepared using the DBFIB. The DBFIB was employed to perform an in-situ extraction procedure to generate the TEM samples and a series of high resolution micrographs were taken. Energy dispersive xray spectrometry (EDX) was used to characterise the chemical composition at the weld interface.
It should be highlighted that the DBFIB extraction process that generated the TEM sample represented the first ever opportunity to accurately select a known location in a UC specimen for use in TEM. Prior to this occurrence, it had been almost impossible to prepare suitable UC TEM samples. Even if a good TEM sample was attained, it was difficult to identify the samples origin within the initial sample with any certainty. Therefore, the advantages of this method give better quality and more accurate results than were previously possible. New discoveries in ultrasonic consolidation nano-structures using emerging analysis techniques
To further characterize the sub-grain and nanograin transitional regions high magnification, SEM micrographs on an excavated plane perpendicular to the orientation of all of the previous IBISEM's were also taken.
RESULTS AND DISCUSSION

The nature of oxide dispersal in UC
Aluminium is a very reactive metal which oxidises in air to form a thin Al 2 O 3 coating on its surface. This oxide layer covers the Al 3003-T0 foils used in UC prior to processing. The persistence of this oxide layer after UC processing has been discussed in previous research [5] . In that case, an oxide layer at the UC weld interface was not visible using SEM and chemical etchants were used. Chemical erosion of oxides at the UC weld interface resulted in a narrow void between bonded UC foils which indicated the previous presence of an oxide barrier between layers. Unlike standard SEM, this research uses the FIB IBISEM's capability to visualise the oxide layer itself, without chemically etching the material. The white regions or 'winding white lines' seen in FIB IBISEM's of the UC weld interface (Fig. 3) appear to be the remains of the oxide layer from the original foil surface. This supports the previously held belief that TEM electron micrographs from the UC weld interface show a distinct 5 Â 10 À3 mm layer (Fig. 4) . The presence of a distinct layer in this micrograph is not a unique artefact of the void in this sample, but everpresent along the UC bonded interface. EDX analysis of this layer showed a 13.8 per cent atomic composition of oxygen, significantly higher than that generally seen in Al 3003-T0 atomic composition (Table 3(a) ). Similar analysis 1-2 mm away from the UC interface saw the percentage of oxygen fall to 1.6 per cent (Table 3 (b)). While it was not possible to completely isolate the exact oxide layer due to the resolution on the EDX TEM equipment that was used, the higher level of oxygen present at the interface supports the theory that the white areas seen in both the FIB IBISEM's and TEM electron micrographs are concentrated oxide regions.
The identified oxide layer appeared to be almost unbroken throughout all the FIB IBISEM's and TEM samples analysed. The lack of disruption of this pre-UC oxide layer indicates that the original surface oxide layer was not significantly dispersed by the relative motion of the foil surfaces during UC. Instead the oxide layer of the soft Al 3003-T0 alloy persistently remains after UC processing. This observation contradicts the previously held assumption that the mechanism of bond formation in UC is the breakup of surface oxides which are dispersed into the local bulk material, resulting in intimate metal to metal contact of nascent material with atomically clean surfaces where the UC bonding process is initiated in a series of contact points [3] [4] [5] . The persistent oxide layer seen in the IBISEM's is not readily visible using standard SEM techniques alone and previous research in the field, without the use of the FIB, had no way to directly observe this.
There are several other potential theories for the method of bond formation in UC including: melting, diffusion, mechanical interlocking of surface asperities, and ceramic bonding of the oxide layers. Melting and solidification of the material directly surrounding the UC weld interface, as a result of a temperature increase caused by dynamic frictional effects along the interface could be considered a possible method of bonding. However, there is no evidence of the coarse grain structure characteristic of localised melting and recrystallisation at the UC interface (Fig. 3) . A refined grain structure surrounds the UC interlaminar interface, correlating with the widely held assumption that UC is a solid state process.
Diffusion bonding has been proposed as another potential method of interlaminar bond formation in UC [11] . While diffusion may be a contributing factor to bonding in other ultrasonic welding processes, due to the limited residence time of the sonotrode and limited temperature increase seen in UC, it seems unlikely that it would have a significant effect on bonding. In particular, the presence of the persistent oxide layer observed in this case would inhibit diffusion between the foil layers and hence inhibit diffusion bonding.
Joining of materials as a result of mechanical interlocking of surface asperities is an alternative theory of bond formation in UC. Hopkins et al. [12] have shown that high mechanical strength titanium/aluminium composites can be fabricated using UC and it was postulated that the method of bonding was mechanical interlocking. In that case, the difference in hardness between titanium and aluminium meant that insufficient deformation occurred during UC processing for nascent surface creation; instead the softer aluminium conformed around the titanium surface asperities, joining the material layers.
The work of Kong et al. [2] hypothesised that during UC, instead of being broken up and displaced, the oxide layer remained and was subject to high dynamic interfacial stresses forming ceramic bonds at the weld interface. Matsuoka [13] has shown that metals and ceramics can easily be joined by ultrasonic welding and that the strength of the bonds between Al 2 O 3 and aluminium achieved can be similar to that of the base metal itself.
It is possible that energy losses at the sonotrode/ foil interface, resulting in less relative motion at the interface itself, may be the root cause for the inability of the UC process to fully disperse the oxide layer [14, 15] . A higher level of oxide distribution at the interlaminar interface could be achieved by increasing the mechanical coupling between sonotrode and foil. Utilising a sonotrode with a rougher surface texture might ensure more efficient transfer of ultrasonic energy and subsequent oxide layer distribution. It might also be worthwhile to examine the effect that the preliminary tacking stage of UC has on the final distribution of oxides within the weld interface. This low amplitude, low weld force is potentially reducing the relative motion of the foil during the weld stage and be limiting the breakup and dispersal of the oxide layer into the surrounding material. In this research, commercial UC process parameters were used. It would, however, be useful to study the dispersal of interlaminar oxides in UC parts produced under different processing conditions in future work. It could be postulated that the extent of oxide dispersal in UC parts fabricated at higher amplitudes, due to the increased relative motion between foils would be higher than seen in the FIB IBISEM's presented in this paper. A higher level of oxide dispersal might also be seen with samples processed at higher normal forces and lower weld speeds. Therefore utilising higher weld force or amplitude is a potential approaches to attempt to disperse the oxide layer which persists in UC components. However, due to the need to keep manufacturing times to a minimum using long dwell times, decreasing weld speed is not necessarily desirable. Lower UC processing temperatures might also limit the growth of Al 2 O 3 on the Al3003 foil during fabrication.
The persistence of the Al 3003-T0's foil oxide layer is an important finding with respect to the understanding of UC bonding and to UC as a layered manufacturing process. The interlaminar oxide layer could be detrimental to post-process heat treatment of UC components, inhibiting diffusion within a part. The effect of this persistent oxide layer on bonding in UC could be further examined by removing the oxide from the aluminium foils prior to consolidation, using chemical or mechanical means, and then processing the foils in an inert environment.
UC can be used to produce parts in a range of different materials and it would be useful to examine the interlaminar microstructure of different UC process materials using the same methodology described within this research.
Changes in grain structure after UC
The IBISEM's show that the sub-grain morphology is non-equiaxed in nature; the sub-grains are clearly not all the same size within the micrographs (Fig. 3) . The average grain size data (Table 4) shows that within the upper surface of an ultrasonically consolidated foil the level of grain refinement decreases as the distance from the interface increases up to a maximum grain size in the middle of the foil (regions f1-5 in Fig. 5 ). Smaller grain sizes are present in proximity to the lower surface of the foil at the weld interface.
While the UC processed samples showed a range of sub-grain sizes from 0.5 to 5.3 mm, the as-rolled Al 3003-T0 foil presented a range of sub-grain sizes between 30 and 70 mm. Even the maximum subgrain size of the UC processed foil is significantly less than the typical sub-grain size of the unprocessed material. Therefore, the effect of UC The results show distinct difference in sub-grain size above and below the UC weld interface. Smaller grain sizes were seen on the upper surfaces of foils that had been in contact with the sonotrode during the UC process. In regions c, d, and g, where the top surface of the foil has been in contact with the sonotrode, the average grain size is visibly smaller than in regions a and b, the bottom surface of the foil. For example, the average sub-grain size in region b is 45 per cent greater than that of region c. Examination of the top surface of the foil stack also showed grain refinement as a result of contact with the sonotrode. The increased level of grain refinement seen in surfaces that have been in direct contact with the sonotrode reflect the increased amount of cold work that has occurred as a result of that contact, compared to that occurring due to interface dynamics alone.
The deformation affected zone (DAZ) in UC samples is the area where the grain morphology has been strain microband orientation in a TEM electron micrograph of the UC weld interface Fig. 9 Persistent dislocation slip bands from TEM electron micrograph of the UC processed Al 3003-T0 sample, within 2.0 mm of the weld interface significantly altered by the application of the UC process. A high magnification SEM micrograph taken from within a FIB-etched excavated pit at the UC weld interface (Fig. 6 ) of the interface between two ultrasonically consolidated foils illustrates the two distinct regions which constitute the DAZ. The nanoscale sub-grain region, approximately 5 Â 10 À3 to 5 Â 10 À1 mm below the weld interface, and the gradient sub-grain region of plastically deformed subgrains, 0.5-75 mm away from the weld interface. While the range of sub-grain sizes within the nanoscale sub-grain region is relatively consistent between 2 Â 10 À2 and 3 Â 10 À2 mm, in the gradient sub-grain region, sub-grains increase in size from 0.1 to 2 mm as the distance from the weld interface increases. This corresponds with the general trend in average grain size (Fig. 5) where the amount of grain refinement decreases as the distance from the UC weld interface increases. These nanoscale and gradient sub-grain regions do not necessarily progress one after the other but are general region types that were identified as a result of their characteristic grain size.
The transition between the nano-grain region and the plastically deformed sub-grain region is distinct (Fig. 7) . The fact that the transition between the two regions is so distinct indicates that the change may be pre-process asperity that has subsequently been plastically deformed and flattened during the UC process. White 'flow' lines indicate the possible directionality of the plastic deformation the result of a threshold energy state, above which the sub-grain morphology transforms into the nanoregime, hence the distinct nano-grain region.
As well as the significant change in sub-grain size seen in the nanoscale sub-grain region (Fig. 8) a 35 orientation of the sub-grain morphology was also apparent. This orientation is consistent with strain microband sub-grain orientation, commonly seen in rolling processes [16, 17] , in this case caused by the rotation of the sonotrode during the welding process. In conventional rolling processes however, the sub-grain morphology is altered, but the size of the sub-grains are not reduced, as seen in this case of UC.
In addition to the identification of distinct regions of grain morphology around the weld interface, the TEM samples also presented evidence of interlaminar dislocations within the sub-grains. Higher magnification TEM micrographs within the plastically deformed sub-grain region, within 2 mm of the interface, showed the presence of dislocation patterns known as persistent slip bands (Fig. 9 ) dislocations with common orientations and extended length. As the distance from the weld interface increased the orientation of dislocations became less distinct. Dislocations without any dominant orientation were seen at the mid-plane of the second foil, approximately 75 mm from the weld interface.
Previous work [18] has shown the UC process can induce plastic flow sufficient to embed bonded sigma silicon carbide fibres, shape memory alloy wires, and optical fibres into a consolidated structure. Evidence of plastic deformation was also seen here in the IBISEM's of the UC weld interface (Fig. 10) . The ability to observe the persistent oxide layer meant that the complex displacement and re-orientation of asperity peaks into the surrounding voids could be seen. Sub-grain morphology 'flow' seems to have been influenced by the collapse of asperities, presence of local manganese particles, and/or other foil surface flaws.
The high resolution imaging techniques revealed the presence of nano-grain colonies in and around the interface (Fig. 11 ). Colonies were identified up to 10 mm from the weld interface. The location of these colonies appeared to be in direct proximity to flaws, manganese particles, and non-planar interface regions within the sample. The nano-grain colonies also appeared to occur more frequently below the weld interface. The high level of refinement resulting in the nano-grain colonies could be the result of a collapse of foil surface asperities due to contact with the sonotrode or the accumulation of dislocations due to the presence of flaws causing disruptions to the material plastic flow. The presence and distribution of nano-grain regions would affect the engineering properties of the final consolidated structure. An increase in the number of nano-grain colonies may detrimentally affect the bond quality, as the resulting increase in hardness inhibits plastic flow, making the deposition of subsequent layers more challenging. However, if the fabrication challenges can be overcome, this phenomena could be utilised as a novel method for generating high wear surfaces or could be controlled to provide added strength within the UC fabricated article.
From the different regions that the average subgrain size was calculated, there was a sizeable difference between their lowest and highest data points highlighting a highly inhomogeneous sample morphology. This large range in sub-grain size was not as apparent in the nano-grain regions, although this may be due to limited resolution of the images that were analysed.
Examination of the nature of the asperity collapse at the UC bond interface (Fig. 10) alongside the increased hardness of the upper surface of the substrate (regions c, d, and g) compared with the lower surface of the upper foil (regions a and b) reintroduces the possibility that the mechanical interlocking theory of bond formation could be valid in this case.
CONCLUSIONS
As a result of the investigation into ultrasonically consolidation aluminium 3003-T0 the following conclusions have been drawn.
1. After UC of Al 3003-T0 foil, a persistent surface oxide layer between the bonded foils remains, contrary to the previously held opinion that the oxide was displaced into the local bulk material. 2. The rotation and contact force of the sonotrode have been seen to effect a 35 orientation on the Fig. 11 IBISEM highlighting nano-grain colonies, located near the UC weld interface region sub-grain morphology, as commonly seen in conventional rolling processes. 3. The UC DAZ is characterized by regions of refined sub-grains that tend to form a gradual transition as the sub-grain size increases as the distance from the weld interface increases. A distinct stepped transition was apparent between the nanoscale sub-grain and gradient sub-grain regions. 4. Direct contact with the sonotrode results in greater sub-grain refinement than by interface dynamics alone. 5. Nano-grain colonies were found up to 10 mm from the UC weld interface in the area surrounding material flaws, manganese particles or nonplanar interface regions. 6. In-situ extraction of TEM samples using FIB-etching procedure was critical to enable discovery and detailed examination of persistent dislocation slip bands surrounding the UC weld interface. 7. This works supports the theories of mechanical interlocking and aluminium to Al 2 O 3 bonding as potential methods of interlaminar bond formation in UC. 8. Possible further work includes examining the effect of process parameters and sonotrode surface roughness on the extent and nature of oxide distribution and change in grain structure as a result of UC.
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